Objective: Prevalence of non-alcoholic fatty liver disease (NAFLD) among children is increasing dramatically. It is unclear why some patients develop steatohepatitis (NASH), fibrosis and cirrhosis from steatosis, and others do not. A role for leptin has been claimed. This study aims to evaluate the relationship between leptin, insulin resistance (IR) and NAFLD in children. Design and methods: In 72 biopsy-proven NAFLD children (aged 9-18 years; 51M/21F), fasting leptin and its soluble receptor (sOB-R) were measured; free leptin index (FLI) was calculated as leptin/sOB-R; IR was estimated by homeostasis model assessment (HOMA-IR) and insulin sensitivity index (ISIcomp); glucose tolerance by oral glucose tolerance test (OGTT). Percentage of total body fat (TBF) by dual-energy X-ray absorptiometry (DXA) was available in 65 patients. Results: Prevalence of diabetes, impaired fasting and/or after load glucose tolerance was 11%. HOMA-IR and ISI-comp values were 2.55G1.39 and 4.4G2. NASH was diagnosed in 38 and simple steatosis in 25 children; diagnosis was indeterminate in 29 children. Increased fibrosis, mostly of mild severity, was observed in 41 patients. Median NAFLD activity (NAS) score was 3.42G1.60. According to histology, levels of leptin and FLI increased as steatosis (leptin from 11.9G6.3 in score 1 to 17.4G6.9 in score 2 (PZ0.01) and 22.2G6.8 ng/ml in score 3 (P!0.001); FLI 2.56G1.40, 3.57G0.34, 4.45G0.64 respectively (PZ0.05)); ballooning (from 13.7G6.7 in score 1 to 17G7.5 in score 2 (PZ0.001) and 22.1G7.1 ng/ml in score 3 (PZ0.01); FLI 2.81G1.50, 3.40G1.65, 4.57G1.67 (PZ0.01 between 0 and 2)); fibrosis (from 14.3G7 to18.3G6.9; PZ0.03; FLI 3.03G1.57 vs 3.92G077; P!0.05) and NAS score (score 1-2: 12.9G6.9; score 3-4: 17G6.9 (PZ0.01); score 5-7: 22.9G7.5 ng/ml (PZ0.03); FLI 2.70G1.53, 3.12G1.53, 4.58G1.57 PZ0.01 and PZ0.05 between 1-2 vs 3-4 and 3-4 vs 5-7 respectively) worsened. Higher leptin correlated with more severe steatosis, ballooning and NAS score (r 0 Z0.6, 0.4 and 0.6 respectively; for all P!0.001); FLI with ballooning (r 0 Z0.4, P!0.0001), steatosis (r 0 Z0.5, P!0.0001) and NAS score (r 0 Z0.5, P!0.0001). Conclusions: Leptin and liver injury correlated independently of age, BMI and gender in the present study. Nevertheless, any causative role of leptin in NAFLD progression could be established. Thus, studies are needed to define whether the hormone plays a major role in the disease. 155 735-743 
Introduction
Non-alcoholic fatty liver disease (NAFLD) has become one of the most common causes of chronic liver disease in many countries (1) . The reported prevalence of hypertransaminasemia and/or liver brightness on ultrasonography varies among children from 10 to 77% (2, 3) .
The exact mechanisms leading to hepatic triglyceride accumulation and subsequent hepatocellular damage in NAFLD patients are incompletely understood. Insulin resistance (IR) and hyperinsulinemia are clearly important as elements of a vicious cycle. They act to increase free fatty acid (FFA) flux into the liver and drive hepatic triglyceride production, through increased de novo lipogenesis (4) and inhibited FFA oxidation (4). Conversely, hepatic triglyceride accumulation subsequently leads to hepatic IR by interfering in the insulin response cascade (5, 6) . Disturbances within the regulatory systems of lipid partitioning result in lipotoxicity and steatosis. However, hepatic lipid accumulation does not universally lead to hepatocellular injury, suggesting that additional secondary insults are important (7) . It is unclear why some patients develop simple steatosis, whereas others manifest progression from steatohepatitis (NASH) to fibrosis and cirrhosis.
Leptin, the product of the ob gene, is an adipocytederived hormone that can modulate food intake and several metabolic functions (8) . In human hepatic liver cells, leptin attenuates some insulin-induced activities causing IR (9, 10) . Leptin is also expressed and synthesised by the activated hepatic stellate cells (HSC) (11) . The hormone also exerts pro-inflammatory and profibrogenic function in murine liver exposed to hepatotoxic chemicals (12) , and up-regulates the expression of proinflammatory and pro-angiogenic cytokines in HSC (13) . Together, these observations support a role for leptin in the pathogenesis of human NAFLD. However, to the best of our knowledge, no data are available on levels of the hormone's soluble receptor (sOB-R) in NAFLD. Nevertheless, levels of sOB-R can provide an indication of free leptin; the free leptin index (FLI) being defined as the ratio of leptin to sOB-R (14) , which may be a more accurate determinant of leptin function. The leptin receptor belongs to the type 1 cytokine receptor family (15, 16) and various mRNA splice variants of this receptor have been identified (16) . A soluble form of the leptin receptor lacking the cytoplasmic domain is generated by proteolytic cleavage of the membrane-bound receptor and represents the main leptin-binding activity in human blood (17) . Although IR is considered pivotal for the development of fatty liver (18) and increased serum leptin may play an important role, few data have been reported in paediatric populations regarding both IR (3, 19, 20) and leptin (19) (20) (21) . A limit of previous studies (3, (19) (20) (21) was that diagnosis has been made taking into account elevated serum aminotransferase levels and echogenic liver pattern, and not liver biopsy, which is regarded as 'gold standard' for NAFLD diagnosis (22) .
The present study aims to evaluate serum leptin levels, FLI and prevalence of IR in a case series of children, in which NAFLD has been diagnosed by liver percutaneous biopsy.
Material and methods

Patients
Seventy-two untreated patients (51 males and 21 females), aged 9-18 years, admitted to the Liver Unit of the 'Bambino Gesù ' Hospital from June 2002 to April 2004, were included in the study. Patients were referred to the Unit since persistently elevated serum aminotransferase levels coupled with a diffusely echogenic liver pattern in imaging studies, suggestive of liver fatty infiltration. The diagnosis of NAFLD was confirmed by percutaneous liver biopsy in all cases. All patients were HCV RNA-PCR negative. The known causes of steatosis including alcohol abuse (R140 g/week), total parenteral nutrition and use of drugs (e.g. valproate, amiodarone or prednisone), were excluded. Hepatitis A, B, C, D, E and G, cytomegalovirus and Epstein-Barr virus infections were ruled out by appropriate tests. Autoimmune liver disease, metabolic liver disease, Wilson's disease and a-1-antitrypsin were ruled out using standard clinical and laboratory evaluation as well as liver biopsy features. The body mass index (BMI) was computed as the weight in kilograms divided by the square of the height in metres. BMI z score was calculated to compare BMI whilst taking into account differences in gender and age. The z score represents the number of S.D. above or below the considered population mean value based on standardised tables for children (23) . Obesity was defined as a BMI above 2S.D., which corresponds to the 97th adjusted for age and gender. Hypertriglyceridemia and hypercholesterolemia were diagnosed for serum levels of triglycerides and cholesterol higher than those reported as normal for age, gender and race (24) . Hypertension was diagnosed according to the guidelines of the Fourth Task Force on blood pressure control in children (25) .
The study protocol was conformed to the Declaration of Helsinki and to the recommendations of the Ethics Committee at the Children's Hospital and Research Institute, 'Bambino Gesù '. The nature and the purpose of the study were carefully explained before informed consent was requested from each patient or responsible guardian.
Evaluation of glucose metabolism and insulin sensitivity
All patients underwent a 2-h oral glucose tolerance test (OGTT) with the standard 1.75 g of glucose/kg, or maximum of 75 g. Glucose tolerance was determined according to the American Diabetes Association classification (26) .
Values of IR were determined by the homeostatic model assessment (HOMA-IR) using the formula: IRZ (insulin!glucose)/22.5 (27) ; insulin sensitivity was determined by the insulin sensitivity index (ISI-comp) derived from OGTT using the formula: ISIZ(10 000/ square root of (fasting glucose!fasting insulin)! (mean glucose!mean insulin during OGTT)) (28) .
Evaluation of total body fat
In a subgroup of 65 subjects, total body fat (TBF) was estimated from total body dual-energy X-ray absorptiometry (DXA) scans made with a QDR-1500 total body scanner (Hologic, Inc., Waltmann, MA, USA) in the pencil beam mode with the enhanced whole body analysis (software version 5.67). With this technique, composition is estimated from the attenuation of X-rays pulsed synchronously between 70 and 140 kV with the line frequency for each pixel of the scanned image. A step phantom with six fields of acrylic and aluminium of various thicknesses and known absorptive properties was scanned alongside each subject to serve as an external standard for the analysis of tissue composition. The same physician positioned the subjects, performed the scans and the analysis according to the operator's manual.
Biochemical assays
Serum was stored at K80 8C for later assays. Serum leptin was assayed by commercial ELISA kit in accordance with the manufacturer's instruction (Lincho Research, St Charles, MO, USA). Intra-and inter-assay coefficients of variation are 4.2 and 4.5% respectively. The sensitivity of the method is 0.5 ng/ml. Levels of sOB-R were measured using an ELISA commercial kit (Alexis Biochemicals, San Diego, CA, USA), with a limit of sensitivity of 0.4 U/ml and intraassay coefficient of variation of 6.0-6.3%. FLI was calculated as the ratio of leptin to sOB-R. Plasma glucose was measured in triplicate by the glucose oxidase technique on a Beckman glucose analyzer (Beckman, Fullerton, CA, USA); plasma insulin by a specific RIA (MYRIA Technogenetics, Milan, Italy). Serum triglycerides, and total and high density lipoprotein (HDL) cholesterol were measured spectrophotometrically.
Liver histology
Biopsies were performed in all children using an automatic core biopsy device (Biopince, Amedic, Kista, Sweden) with an 18-G needle, 150 mm long and the ability to cut tissue with lengths up to 33 mm with extreme precision. Liver biopsies were at least 15 mm long and read by the same liver pathologist, who was unaware of the patient's clinical and laboratory data. Biopsies were routinely processed (formalin-fixed, paraffin-embedded) and analysed in sections stained with: (i) hematoxilin and eosin, for overall assessment of parenchymal architecture, hepatocyte abnormalities and inflammatory infiltrates; (ii) Van Gieson, for assessment of fibrosis and architectural changes; (iii) PAS-D, after diastase predigestion, to highlight debris in portal macrophages and Kupffer cells as well as eosinophilic globules in periportal hepatocytes (characteristic of endoplasmic reticulum storage disease, namely a-1 antitrypsin); and (iv) Perl's (Prussian blue stain) to estimate iron storage in hepatocytes and sinusoidal lining cells. Additionally, immunohistochemical staining with a-1 antitrypsin was used to exclude a-1 antitrypsin associated liver disease. The main histological features commonly described in NAFLD/-NASH including steatosis, inflammation (portal and lobular), hepatocyte ballooning and fibrosis were scored using the scoring system for NAFLD according to the guidelines of the NIH-sponsored NASH Clinical Research Network (29) . Briefly, steatosis was graded on a four-point scale: grade 0, steatosis involving !5% of hepatocytes; grade 1, steatosis involving up to 33%; grade 2, steatosis involving 33-66% and grade 3, steatosis involving O66%. Lobular inflammation was graded on a four-point scale: grade 0, no foci; grade 1, less than two foci per 200! field; grade 2, two to four foci per 200! filed; grade 3, more than four foci per 200! field. Hepatocyte ballooning was graded from 0 to 2: 0, none; 1, few balloon cells; 2, many/prominent balloon cells. The stage of a fibrosis was quantified in a four-point scale: stage 0, no fibrosis; stage1, perisinusoidal or periportal; stage 2, perisinusoidal and portal/ periportal; stage 3, bringing and stage 4, cirrhosis.
Other features, such as zonal distribution of steatosis, presence of microvesicular steatosis, glycogenated nuclei, lipogranulomas, PAS-D cells, acidophil bodies and Mallory bodies also were recorded. Portal tract inflammation was graded from 0 to 3 (0, none; 1, mild; 2, moderate; 3, severe). Features of steatosis (0-3), lobular inflammation (0-3) and hepatocyte ballooning (0-2) were combined in a score ranging from 0 to 8, named NAFLD activity score (NAS). Cases with NASR5 are diagnostic of NASH and cases with NAS%2 are diagnostic of simple steatosis, whereas cases in between are considered indeterminate (29) . Iron storage was scored from 0 to 4 according to Searle (30) .
Statistical analysis
Data are presented as meanGS.D. or medianGS.D., as stated, and/or number (proportion) of affected patients. The Kolmogorov-Smirnov goodness-of-fit test was applied for determining whether sample data are likely to derive from a normal-distributed population. Triglycerides, alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma glutamyl transpeptidase (gGT), FLI and histological grades diverged significantly from normal distribution. The non-parametric Spearman's correlation coefficient, based on ranking the two variables, which makes no assumption about the distribution of the values, was used to assess significant correlations among variables. The parametric Pearson's correlation was calculated only to take into account the effect of obesity and age on IR. MannWhitney U test, one-way ANOVA, Kruskal-Wallis test and Bonferroni's post hoc test for multiple comparisons were carried out by standard techniques, whenever appropriate. The level of significance was set at aZ 0.05. SPSS 11.5 for Windows (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Table 1 shows anthropometric and biochemical data of the studied population. 
Results
Liver histology
Histological findings are summarised in Table 3 . Steatosis was present in all biopsies. It was mostly macrovescicular and, frequently associated with microvescicular lesions. The pattern of steatosis was diffuse or scattered lobular, and, only, in ten cases, it showed zonal distribution. In 59 (82%) biopsies, inflammation was present. The inflammatory infiltrate was mainly composed of lymphocytes and neutrophils and when granulomas were present, mononuclear histiocytic cells and eosinophils were associated. Hepatocyte ballooning was present in 34 (47%) biopsies, whereas apoptotic cells were observed occasionally. PAS-D-positive cells containing phagocytosed-cell debris were present in the portal tract and/or in the sinusoids. Glycogenated nuclei of variable dimension were found in 38 cases (53%); this nuclear change was noted mostly in zone 1. No Mallory hyaline was noted in any case and mild iron deposition was present in three cases. According to the NAS, a diagnosis of NASH was formulated in 13 (18%) patients (NASR5), a diagnosis of simple steatosis (NAS%2) was made in 26 (36%) patients, whereas 33 (29%) were considered indeterminate. Increased fibrosis was observed in 41 (57%) patients. It was mostly of mild (stage 1) severity with only four children showing septal , as compared with those without fibrosis. However, prevalence of dislipidemia, levels of liver enzymes as well as the AST/ALT ratio were not different between patients with and without fibrosis. Among patients with impaired glucose metabolism (DMT2, IGT and/or IFG), 50% had a NAS scoreR5 and fibrosis was present in up to 75% of them.
Inflammation significantly correlated with the percent of TBF (r 0 Z0.4, PZ0.002) and BMI z score (r 0 Z0.3, PZ0.002). A statistically significant correlation was also found between fibrosis and inflammation (r 0 Z0.26, PZ0.04).
Leptin
Levels of serum leptin and FLI were or trended to be significantly different among groups, when the studied population was divided according to the histologic assessment (Table 4 ; Fig. 1 ). Highly significant positive correlations (Table 4) were found between leptin and steatosis, ballooning and NASH score; higher levels of leptin correlating with higher histological scores (r 0 Z0.6, 0.4 and 0.6 respectively; for all correlations, P!0.001). Both fibrosis and inflammation showed weaker but statistically significant correlations with leptin (r 0 Z0.3; PZ0.03 and 0.2, PZ0.05 respectively). FLI correlated with ballooning (r 0 Z0.4, P!0.0001), steatosis (r 0 Z0.5, P!0.0001) and NAS score (r 0 Z0.5, P!0.0001). Table 4 includes mean values of BMI z score, TBF, levels of sOB-R, fasting insulin and triglycerides according to the histological features.
No significant difference in serum leptin was found when children were divided according to presence or absence of diabetes, IGT and/or IFG (16.7G7.6 vs 17.1G9.1 ng/ml; PZNS) and obesity (16.4G8.4 in obese vs 16.9G6.7 ng/ml in normal weight children; PZNS). No significant correlation was found between leptin and HOMA-IR, ISI-comp and BMI z score.
A stepwise regression was run to ascertain predictors of NAS score among several independent variables, which included leptin, levels of sOB-R, FLI, TBF, BMI z score, ISI, HOMA and fasting triglycerides. In a model which explained 50% of the variance in the NAS score, circulating leptin was the best predictor (bZ0.505; P!0.0001). The best predictors of fibrosis was BMI z score (explained variance 27%, PZ0.04) among leptin, FLI, triglycerides and TBF as independent variables. ISI, HOMA-IR and levels of sOB-R were excluded from the model.
Discussion
The main result of the present study is that increased leptin levels correlate with the degree of liver lesion in NAFLD children. We found that values of fasting leptin are consistently higher than those reported for normal weight healthy children (31, 32) ; and remarkably, hyperleptinemia is independent of age, body weight and IR. We observe that serum leptin increases as steatosis, inflammation, ballooning, fibrosis worsen, reaching concentrations significantly higher in grades 2 and 3 of steatosis, grade 2 of ballooning, fibrosis and for a NAS score higher than 3 (Table 3 ). So far, in the literature, no study has found such suggestive correlation between leptin levels and liver damage. In adult cohorts, previously published human studies obtained conflicting outcomes (33) (34) (35) (36) (37) . Chalasani et al. (30) found no differences in levels of fasting leptin between NASH/NAFLD overweight and obese adult subjects. Conversely, serum leptin levels were significantly higher in subjects with NASH as compared with control subjects in a couple of clinical trials (33, 36) . In mostly lean young military recruits, the increase in serum leptin was out of proportion to BMI (36) ; whilst in a cohort of overweight to obese subjects, the relation between leptin and NASH was not anymore persistent after adjusting for age, gender and BMI (38) . In a different series, serum leptin was increased and the increment associated with the degree of hepatic steatosis (33) . To our knowledge, few data are available in childhood (3, 20) . A couple of previous studies (3, 20) found that leptin increased three-to four-fold in NAFLD children as well as in obese control subjects, and with no relation to the BMI (20) . In both the studies, liver biopsy was not performed. Diagnosis was formulated according to increased serum aminotransferase levels and echogenic liver pattern. The strength of the present study is that liver biopsy has been performed in all subjects. It is worth noting that, in our series, only the 40% of children are obese, thus suggesting that it is unfeasible to explain serum leptin elevations and IR only in terms of obesity. Several factors may induce increased levels of leptin, for instance, hyperinsulinemia or decreased adiponectin (39) as well as a reduced clearance of the hormone. We speculate that hyperleptinemia develops in the early NAFLD before the occurrence of obesity and co-morbidities, promoting IR, overweight and obesity. In response to a dietary chronic FFA overflow to the liver, circulating leptin increases to prevent hepatic lipotoxicity (33, 40) , as suggested by experimental evidences. A 120-min leptin infusion is able to induce partitioning of TG into oxidative pathways in the liver of lean mice (41) by increasing hepatic acetyl-CoA carboxylase phosphorylation and FFA oxidation. The homeostatic lipid partitioning system may become allostatic, when the FFA overload is persistent (42) . The sustained effort to struggle lipotoxicity through increased leptin levels may ultimately result in a status of leptin resistance, with hyperleptinemia not correlating anymore with the degree of liver involvement in the adult age. Therefore, the liver becomes refractory to the anti-steatotic effects of leptin, a state of hepatic leptin resistance that accompanies hepatic IR rather than correcting it (33, 43) . Leptin may contribute to hepatic steatosis by promoting IR through reduced insulin signalling in hepatocytes (44) . In a later stage, hyperleptinemia may cause hepatic steatosis to turn into steatohepatitis by amplifying selected pro-inflammatory responses (45) up to the development of fibrosis, since it is expressed and synthesised by activated HSC (12) , it is able to augment inflammatory and fibrogenic responses in the murine liver exposed to hepatotoxic chemicals (13) . The hormone can act in concert with other pro-inflammatory cytokines (45) and pro-fibrotic molecules including IGF-1 (39) . To measure them would add valuable information to the present study. In our series, data on IGF-1 and growth hormone were available in 35 consecutive patients (data not shown). Values were within the normal range for both and no relationship was found with liver histology.
Recently, we have also found that older age and higher BMI significant and independent of other risk factors increased the chances of having liver fibrosis in children (46) . Every one year increase in age was associated with a 1.3-fold increased risk of developing fibrosis. Similarly, the presence of obesity was associated with a 3.0-fold increased risk as compared with nonobese children (20) .
Few studies have examined body composition and hormonal determinants of sOB-R and FLI in adolescents; none, the relation among FLI, sOB-R and NAFLD. We did not find any significant correlation among indexes of body fatness (BMI z score and TBF) and FLI or sOB-R. In addition, we also did not find any relation between levels of fasting insulin and sOB-R in our cohort. These findings suggest a different regulatory pathway for leptin secretion and leptin-binding capacity in adolescent children prone to develop NAFLD. An inverse relationship between BMI and sOB-R has been reported in children (47, 48) , with both BMI and fat mass contributing significantly to levels of FLI and leptin in anorectic and normal weight adolescent girls, and BMI weakly predicting levels of sOB-bound leptin (48) . It has been found that the leptin-binding capacity varies physiologically in relation to increasing adiposity (49) , but several dietary and hormonal factors may also determine leptin concentrations in the steady state (47) (48) (49) (50) .
As far as the role of IR in NAFLD is concerned, in our series, children are mostly insulin-resistant or prone to be, and dislipidemic, but just the 40% of them are obese. These results confirm previous reports (3, 20) . We estimated the resistance or, on the other hand, the sensitivity to insulin by using two methods, the HOMA-IR and the Matsuda's index, which strongly correlate with the euglycemic hyperinsulinemic clamp (27, 28) , in order to avoid underestimating the prevalence of IR. Compared with the HOMA-IR, the ISI index represents a composite of both hepatic and peripheral tissue sensitivity to insulin, considering the fasting glucose and insulin values as well as the mean OGTT values of both parameters. In our series, IR and ISI-comp weakly correlate with BMI and body weight, but they did not with leptin or NAFLD score. Kawasaki et al. (19) found a high correlation between hyperinsulinemia and hypertransaminasemia in a group of obese pre-pubertal Japanese children. According to our report, in an adult cohort, Chalasani did not find any relationship between serum leptin, fasting insulin and IR (34) . The weakness of the correlation between IR/sensitivity, and BMI or body weight may have a number of explanations. Increased levels of circulating triglycerides and FFAs are able to induce IR independent of weight and BMI as well as intra-muscle fat depots (51). During puberty, changes in sex hormones and the GH axis can affect, to a certain extent, the insulin sensitivity. Moreover, body weight and BMI per se can only approximately reflect body composition and fat distribution, which strongly affect insulin sensitivity.
In conclusion, we find a relationship between leptin levels, FLI and steatosis, ballooning, fibrosis and NAS score in a cohort of children affected by NAFLD with a BMI ranging from normal weight to obesity. However, since a cause-effect relationship cannot be established in the present study, further studies at a molecular level are needed to define to which extent leptin leads to the NAFLD development and progression.
